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Polyaniline nano-membranes for gas separations –
structure and performance, R. Wakeman*, Y. Gupta,
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mation and grade efficiency, D. B. Ward*, Industrial
Purification Systems Ltd.; R. J. Poole, I. Owen, University of
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Improved design & performance of sterile agitated
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Liou, J.-S. Chang, Chia-Nan University; J. Y. Lai, Chung Yuan
University; D. J. Chang, The Overseas Chinese Institute of
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finishing, J. Hildenbrand*, T. Quadt, A. Rabhi, E. Schmidt, J.
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Effect of ion exchanged properties on the separation
performance of polysulfone/acrylic acid ultrafiltration
membrane, S.-H. Chen*, H.-C. Ho, R.-M. Liou, J. S. Chang,
Chia-Nan University; D. J. Chang, The Overseas Chinese
Institute of Technology, Taiwan (II –564)
The performance of hydrophobile woven meshes in the
fuel-water separation applications, P. Massini*, M.
Mietta, L. Napoli, Saati S.p.A., Italy (II –440)
Lactose production from whey permeate, M. L.
Gimenes*, R. R. Souza, R. Bergamasco, S. C. Costa,
Maringá State University, Brazil (II –572)
Ultrafiltration after coagulation/flocculation process to
obtain potable water, M. L. Gimenes*, L. C. K. Moraes, R.
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Influence of droplet size in the collection efficiency of a
venturi scrubber with multiple orifice injection, V. G.
Guerra*, J. R. Coury, K. C. Corali, A. P. R. A. Ribeiro, J. A. S.
Goncalves, Federal University of Sao Carlos, Brazil (II –264)
Dielectric barrier discharge arrangement for air disin-
fection, V. Ermel*, M. Kurrat, Technical University
Braunschweig, Germany (II –273)
Experimental investigation of filtration efficiency and
pressure drop of surgical face mask and nanofiber fil-
ter, W. Leung*, C. Tsang, C.-H. Hung, Hong Kong Polytechnic
University, Hong Kong (II –612)
Cleaning characteristics of new one-touch pleated fil-
ter bags, J. H. Lim*, Y.-O. Park, K. S. Lim, KIER - Korea
Institute of Energy Research, Korea (II –279)
Nanospider technology and filtration, D. Stranska*, ELM-
ARCO s.r.o., Czech Republic (II –287)
Axial flow cyclone to remove nanoparticles at low pres-
sure conditions, R. Przekop*, A. Moskal, L. Gradon,
Warsaw University, Poland; C.-J. Tsai, S.-C. Chen, National
Chiao-Tung University, Taiwan (II –290)
Effect of the conic part length and particle exit diameter
on the cyclone performance, J. J. R. Damasceno*, A. F.
Lacerda, M.A.S. Barrozo, Uberlandia University,Brazil  (II–298)
Treatment of electric arc furnace dust prior to perma-
nent disposal, V. Orescanin*, L. Mikelic, S. Lulic, Institute
Rudjer Boskovic; T. Sofilic, Sisak Tube Mill Ltd.; G. Medunic, A.
Rastovcan-Mioc, University of Zagreb; L. Elez, Ministry of Cul-
ture - Administration for Protection of Nature, Croatia (II–306)
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Coupling CFD and filtration models to describe the long-
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Cooperative Education Mosbach; T. Deuschle, M. Piesche,
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Using oxygen consumption rate and atp assay to eva-
luate biofilm activity, L.-F. Chen*, Shu-Te University,
Taiwan; J. S. Vrouwenvelder, D. van der Kooij, KIWA N.V.,
Netherlands; W. L. Lai, Ta-Jen University, Taiwan (I –312)
Performance of textile filtration materials as a replace-
ment for membranes in membrane bioreactors (MBRs),
A. Drews*, V. Iversen, T. Schmidt, M. Kraume, University of
Berlin; B. Lesjean, Berlin Centre of Competence for Water,
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The cleaning behaviour of filter media for applications
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tion of natural gas , J. Schmidt*, M. Ritter, C. Bohner,
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Regeneration of organic solvents and valuable compo-
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Rejection characteristics and flux recovery of BSA
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ASSESSING THE PERFORMANCE OF COMBINATION 
PARTICULATE AND GASEOUS CONTAMINANT AIR FILTERS
Paolo Tronville, Politecnico di Torino - DENER, Corso Duca degli Abruzzi, 24 – 
10129 Turin - Italy 
Richard Rivers, EQS Inc., 1262 Bassett Avenue – Louisville - KY 40204 - USA 
ABSTRACT
In recent years, several manufacturers have offered filters formed from media which 
are intended to remove both aerosols and gaseous contaminants.  These “combo” 
filters have been supplied for both general-ventilation use and for vehicle cabin 
climate control systems.  We analyze the performance of two filters of this type 
designed for vehicles.  The analysis of performance is limited to their removal of 
volatile organic contaminants (VOCs) by activated carbons which have not been 
impregnated with additional chemicals. Inlet concentrations of VOCs were estimated 
from published values for the concentration of gaseous contaminants found in 
highway and street traffic.  Published expressions for determining the retentivity of 
activated carbons, include the effects of contaminant type and concentration, filter 
flow rate and carbon bed characteristics were developed for much higher inlet 
concentrations than exist in even the most polluted street situations, and give 
impossible (negative-value) retentivities.  We present an alternate analysis valid for 
VOC concentrations at the microgram-per-cubic-meter level.  Retentivity and 
breakthrough time for benzene and acetaldehyde (typical VOCs) are calculated and 
compared to published test data on similar filters.  The breakthrough times are short 
enough to raise questions regarding the usefulness of these filters with their very thin 
beds of activated carbon.
KEYWORDS
Activated Carbon, Adsorptive Materials, Adsorption, Air Filters, Automotive, Cabin 
Air, Dynamic Filtration, Fibrous Filter, Organic Contaminants, VOC 
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INTRODUCTION
Climate-control systems of automobile cabins are increasingly fitted with air filters 
made from thin sheets of media designed to remove both particulates (aerosols) and 
gaseous contaminants.  In this case, the filter media are formed into V-pleats to lower 
media velocity, decrease pressure drop, and extend the life of the adsorption filter.  
Such “combo” filters are claimed to protect the health of passengers and to remove 
odors and irritants.  Our examination of manufacturer’s literature does not show 
numerical test results for any specific gaseous contaminants. Instead, they describe 
these filters with phrases like “absorbs up to 100% of all pollen, dust particles and 
harmful substances”; ”absorbs toxic and foul-smelling gases such as ozone, nitrogen 
oxide, sulfur dioxide and hydrocarbons”; ”eliminates unpleasant odors”. 
The sections which follow estimate the contaminant breakthrough time of typical 
automotive combo filters containing pleated multi-layer fibrous filter media and 
granular activated carbon.  The contaminant concentrations assumed are at levels 
which have been measured for actual street and highway sites. 
A defining characteristic of such filters is retentivity, the mass of contaminant stored 
in the adsorption medium up to the time when a chosen percentage of upstream 
contaminant concentration appears downstream of the filter. Another is breakthrough
time, the time required to reach the downstream level used for the retentivity test.  
Our analysis predicts these two values, using reported gaseous contaminant 
concentrations met on motorways.  We first tried analysis using well-verified theories 
describing the behavior of high-quality activated carbons.  Those equations in them 
were established for contaminant levels met in gas-mask applications, which are 
ordinarily thousands of times higher than levels found on streets and highways.  The 
equations predict impossible retentivity and breakthrough times (negative values) 
when concentration values like those seen on streets and highways are inserted. 
The problem with low-level concentrations is that the adsorption isotherm is linearly 
related to concentration at low levels, not logarithmic, as appears in (1) - (4).  After 
making this change, rational values for retentivity and breakthrough were obtained. 
CONSTRUCTION OF COMBO FILTERS ANALYZED 
Both filters analyzed were flat panels 
holding a pleated multi-layer web of 
non-woven synthetic organic fibers.  A 
cross-section of the pleated materials 
for the two filters is shown in Figure 1.  
Between two of the non-woven layers 
of each filter there was a layer of 
granular activated carbon.  The layers 
on either side of the carbon layer had 
openings small enough to prevent the 
migration or shake-out of the carbon 
granules. Figure 1 - Cross-Section of Media 
In Filter A, layers 1,2,3, and 5 are nonwoven polymer fiber mats having thicknesses 
of ~ 0.3, 0.15, 0.1 and 0.1 mm; layer 4 is granular activated carbon having median 
diameter ~ 0.3 mm.  In filter B, layers 1 and 3 are nonwoven polymer fiber mats ~0.28 
mm thick, and layer 2 is granular activated carbon having median diameter ~ 0.4 mm. 
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OPERATING CONDITIONS FOR COMBO FILTERS IN VEHICLES 
The filters are exposed to flow from the front of the vehicle, flow which is not 
intentionally pre-conditioned.  The flow rates through the combo filter vary according 
to the level of heating or cooling selected by the vehicle operator.  The media 
velocities listed, and hence calculated operating lives, are based on the assumption 
of an average air flow of 200 m3/h, which is typical of automotive cabin heating and 
air conditioning systems at average conditions. Calculated lives are also given for air 
flows of 40 m3/h, which might represent operation at minimum air conditioning or 
heating load. 
Table 1 - Properties of Combo Filters Analyzed 
Filter
Property 
A B 
Face Area of Filter, m2 0.024 0.025 
Area of Media in Filter, m2 0.1615 0.1925 
Pleat Pitch (Crest-to-Crest Distance), mm 7.57 7.04 
Pleat Depth, mm 26.6 27.7 
Overall Thickness of Media, mm 1.15 1.25 
Depth of Activated Carbon Layer, mm 0.5 0.7 
Mass of Carbon per Unit of Media Area, g/m2 361 244 
HIGHWAY AND STREET GASEOUS CONTAMINANTS AND TYPICAL 
CONCENTRATIONS FOR THEM 
Both type and concentration of contaminants vary by location, season, and hour of 
the day. World-wide studies have monitored gaseous contaminants, usually on the 
roofs of buildings, convenient locations for air sampling equipment.  Less data is 
available from in or along streets and highways.  The data from national air-pollution 
monitoring networks suggest what contaminants are serious toxins or irritants. 
Table 2 - National Ambient Air Quality Standards  
for Criteria Pollutants 
The master list of “hazardous air 
pollutants” (5) identified by the 
U.S. Environmental Protection 
Agency (EPA) has 1161 entries 
whose concentrations and degree 
of hazard vary greatly.  EPA has 
(6) divided this list into two 
categories: seven “criteria 
pollutants”, and 174 other 
“hazardous air pollutants” (HAPs), 
mostly volatile organic 
compounds (VOCs).  The criteria 
pollutants and their acceptable concentrations are listed in Table 2 (from the actual 
table, we have selected the averaging times which have the highest concentration 
levels).  From the 174 HAPs, EPA deemed 12 VOCs especially significant (6). 
Pollutant
Primary 
Standard
(ȝg/m3)
Averaging 
Time
Carbon monoxide 40  1 hour 
Lead 1.5 3 months 
Nitrogen dioxide 100 1 year 
Particulate
matter(PM10) 150 24 hours 
Particulate matter 
(PM2.5) 65 24 hours 
Ozone, O3 167 8 hours 
Sulfur oxides 
(assumed to be SO2) 390 24 hour 
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Estimates of the wide-area concentrations of these 12 are listed in Table 3; these 
may represent the minimum concentrations of these contaminants which would be 
met on streets or highways.
Measurements of concentration levels for VOCs on or near roadways are reported in 
several studies made for Australian governmental environmental protection agencies 
(7)-(10).  Table 4 lists the average values of contaminant concentrations measured 
for some compounds deemed important by these authors. 
The surprising thing about the data is that automobile drivers receive higher exposure 
to VOCs than bicyclists.  The authors suggest that some pollutants reaching 
automobile passengers come from the vehicle in which they are riding.
Table 3 - Significant Toxic VOC
Concentrations (EPA Estimates) 
Similar data from motorways in 
Copenhagen are given in Rank et al (11), 
and listed here in Table 4.  They confirm 
the observation of Chertok (7) that 
passengers in cars have higher exposures 
than bicycle riders.  Batterman et al (12) 
present similar data from Detroit 
motorways.
Table 4 - VOCs Street Concentrations: Averages for Bicycle/Automobile Riders 
Pollutant Automobile 
measurements
ȝg/m3
Bicycle 
measurements
ȝg/m3
Automobile
measurements
ȝg/m3
Bicycle 
measurements 
ȝg/m3
Data from Chertok (7): 
Melbourne Motorways 
Data from Rank (11): 
Copenhagen Motorways
Benzene 39.8 22.5 14.4 5.1 
Toluene 110.2 94.1 69 20 
Ethylbenzene 19.4 12.0 
Xylenes 87.8 53.6 67† 18† 
NO2 56.9 47.1 * * 
Hydrocarbons * * 215 58 
Particles * * 75 44 
* Not measured † Total of Ethylbenzene and Xylenes 
THEORY OF PHYSICAL ADSORPTION OF GASEOUS CONTAMINANTS BY 
ACTIVATED CARBON AT HIGH CONCENTRATIONS (> 1 MILLIGRAM PER 
CUBIC METER)
Wood (1) presents a comparatively simple procedure for calculating efficiency and 
service life of a given carbon bed on a single given gaseous contaminant.  It is based 
Pollutant
Background
Concentration
 Estimate 
(ȝg/m3)
Benzene 0.48 
Carbon tetrachloride 0.88 
Chloroform 0.083 
Ethylene dibromide 0.0077 
Ethylene dichloride 0.061 
Formaldehyde 0.25 
Hexachlorobenzene 0.000093 
Mercury compounds 0.0015 
Methylene chloride 0.15 
Polychlorinated biphenyls 0.00038 
Perchloroethylene 0.14 
Trichloroethylene 0.081 
________________________________________________________________________________
FILTECH 2007
________________________________________________________________________________
                                 Page II - 222
on well-proven theories and a very large number (1350) of actual tests of various 
carbons and adsorbates (= pollutant, contaminant) at various operating conditions 
related to gas-mask performance.  It begins with the Wheeler equation as modified by 
Yoon and Nelson (2): 
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where:
tb = breakthrough time, (min) Co = inlet concentration of adsorbate (g/cm3)
W = mass of activated carbon adsorbent (g) Cx = exit concentration of adsorbate (g/cm3)
ȡB = bulk density of the carbon bed (g/cm3) We = equilibrium adsorption capacity (retentivity)  
(g of adsorbate / g of carbon)
Q = filter volumetric flow rate (cm3/min) kv = adsorption rate coefficient (min-1)
Unfortunately, for some values of these parameters, Equation (1) predicts zero or 
negative We.  This is true for our combo filter forms, probably for any adsorbate, at 
reasonable cabin-filter operating conditions.  For filter A, its measured characteristics 
and a reasonable set of operating conditions give these parameters: 
dP = mean diameter of carbon particles = 
~0.06 cm 
ȡB = bulk density of the carbon bed = 
0.48 g/cm3
W = mass of carbon = 58.3 g vM = media velocity = 34.4 cm/s 
Q = filter volumetric flow rate = 200 m3/h = 3.33 x 106 cm3/min
Wood takes the capacity We to be given by the Dubinin/Radushkevich (3) adsorption 
isotherm, equation (2): 
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where
Wo = carbon micropore volume (cm3/g) T = absolute temperature, (K)
K = carbon “structural constant” ȕ = “affinity coefficient” (dimensionless)
p = partial pressure of adsorbate corresponding 
to Cx, (Pa)
psat = saturated vapor pressure of adsorbate at  
temperature T (Pa)
ȡL = liquid density of the adsorbate  (g/cm3) R = ideal gas constant, 1.987 cal/(gmol K)
Lodewyckx and Vanzant (4) developed a correlation for the adsorption rate coefficient 
kv : 
5.175.033.048  pMv dvk E    (min-1) (3) 
where
dp = mean diameter of carbon particles (cm); vM = media velocity (cm/s) 
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For benzene, ȕ = 1.01, hence kv = 46544, which inserted in Equation (1) gives tb in 
minutes:
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Wt eb
The term in brackets is [17.5x10-6 -30.4x10-6], which is less than zero. The value for 
kv is if anything, high, and a lower value would give an even more negative tb.
Earlier studies verified Eqs. (1)-(3) by testing at mg/m3 concentration levels.  All three 
probably have different forms at ȝg/m3 levels.  Ramanathan et al (13) tested a high-
quality coconut shell activated carbon for adsorption of three VOCs at concentrations 
from 100 ppb to 183 ppb.  Their results are given in Table 5.  These are static 
adsorption isotherm measurements, used to determine We.
The benzene data fit a reasonably straight line passing through (0,0), hence it is 
reasonable to suppose that We is proportional to the inlet concentration at these low 
concentrations, or: 
02 CKWe   (4) 
Fits to the three data sets of Table 5 give the following K2 coefficients for these three 
VOCs: for benzene, We (ȝg/g) = 0.1012 C0; for acetaldehyde, 0.1770 C0; for 
trichloroethane, 0.0793 C0 . Here C0 is in ȝg/m3.
Table 5. Low-Concentration Retentivity for a Coconut-Shell Activated Carbon 
Adsorbate Co
(ppb)
Co
(ȝg/m3)
We
(10-7 mol per g 
of carbon) 
We
(ȝg per g of 
carbon)
119 218 10.0 44.05 
Acetaldehyde
153 280 10.0 44.05 
101 328 4.30 33.59 
119 387 5.60 43.74 Benzene
176 572 6.33 49.44 
115 638 2.04 27.21 
1,1,1 Trichloro-Benzene 
183 1016 1.91 25.48 
PREDICTED GASEOUS CONTAMINANT PERFORMANCE OF COMBO FILTERS 
STUDIED
For these very low adsorbate mass loadings in the carbon, it is reasonable to assume 
that essentially all of the adsorbate reaching the carbon bed is adsorbed, hence: 
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where We is given by Equation (4), not Equation (2).  Table 6 shows the breakthrough 
time calculation for three VOCs for filter A. Filter B has slightly less carbon (47.0 g) 
hence would show break times 81% of the values in Table 6.
Table 6 - Breakthrough Time for Filter A
 At 50 ȝg/m3 and 40 and 200 m3/h Flow  
Constant Factors for Equation 4 and 5: 
W = 58.3 g; Co = 50 ȝg/m3 = 50 x 10-12 g/cm3
Adsorbate
40 m3/h
(0.666x106
cm3/min)
200 m3/h
(3.33x106
cm3/min)
We
ȝg/g
tb
min
We
ȝg/g
tb
min
Acetaldehyde 8.85 15.6 8.85 3.10 
Benzene 5.06 8.9 5.06 1.77 
1,1,1 Trichloroethane 3.97 7.0 3.97 1.39 
MEASURED PERFORMANCE OF COMBO FILTERS REPORTED BY OTHERS 
We found only two serious reports of test data for combo filters, Rudell et al (14) and 
Lee et al (15). Rudell exposed 32 volunteers to diluted diesel exhaust in a laboratory 
facility. Filters were evaluated for their impact on physiological effects and odor 
perception by the subjects. Some upstream gaseous contaminant concentrations 
were monitored. Acetaldehyde concentration, for example, was approximately 30 
ȝg/m3. Downstream concentrations showed no reduction for aldehydes, but 
efficiencies of 67% to 87% on “total aliphatics” and “total aromatics”. Eye, nose and 
throat irritation, headaches and odors were significantly reduced by one particulate-
carbon filter combination, but the other three filters gave ambiguous results. Lee et al 
(15) report the performance of four filters identified as “cabin filters”, with granular 
activated carbon bed thicknesses of 1.0 to 2.2 mm. The only contaminant tested was 
ozone, at 250 ȝg/m3. Their Figure 11 shows that a filter with 2.2 mm bed thickness 
had initial ozone removal of 98%, dropping to 20% at 80 minutes continuous 
exposure (50% RH, 1.52 m/s bed velocity). 
CONCLUSIONS
Calculation of activated carbon retentivity and breakthrough time for thin beds at 
adsorbate concentrations < 1 mg/m3 is impossible using the Dubinin/Radushkevich 
logarithmic isotherm. Experiment shows that the isotherm is linear for such low 
concentrations.  Calculation then shows that the thin carbon beds in “combo” filters 
have breakthrough times for VOCs so short that the filters are essentially useless.  
Isotherm data for VOCs at pressures corresponding to concentrations < 1 mg/m3 is 
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almost non-existant. This data for significant pollutants is needed if meaningful 
evaluation of vehicle cabin filter performance on toxic VOCs is to occur. 
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